We evaluated short echo time twodimensional 1 H magnetic resonance spectroscopy (2D-1 HMRS) with the pointresolved spatial selection (PRESS) protocol in temporal lobe epilepsy (TLE) patients with negative magnetic resonance imaging (MRI) findings and described the characteristics of 2D-1 HMRS in the epileptic focus. Thirty-eight TLE patients with negative conventional MRI findings and 10 healthy controls were studied by 2D-1
We evaluated short echo time twodimensional 1 H magnetic resonance spectroscopy (2D-1 HMRS) with the pointresolved spatial selection (PRESS) protocol in temporal lobe epilepsy (TLE) patients with negative magnetic resonance imaging (MRI) findings and described the characteristics of 2D-1 HMRS in the epileptic focus. Thirty-eight TLE patients with negative conventional MRI findings and 10 healthy controls were studied by 2D- 1 
HMRS. A 128-channel prolonged videoelectroencephalographic (EEG) method was used as the standard for epileptogenic focus localization to evaluate N-acetyl aspartate/(choline + creatine + phospho -creatine) (NAA/[Cho + Cr-PCr]), glutamate + glutamine/creatine (Glx/Cr-PCr) and
myo-inositol/Cr-PCr ratios in patients with negative MRI findings. The 2D-1 HMRS showed that 32/38 patients and all healthy controls had stable baselines and good signal-to-noise ratios. Compared with the healthy controls, 32 patients showed abnormal NAA/(Cho + Cr-PCr) ratios in the hippocampus and, in 25 of these patients, focus lateralization agreed with the EEG. It is concluded that short echo time 2D-Introduction 1 H magnetic resonance spectroscopy ( 1 HMRS) has been shown to be helpful in the pre-operative evaluation of patients with temporal lobe epilepsy. 1 -3 Besides the singlevoxel method, chemical shift imaging, which is also referred to as magnetic resonance spectroscopic imaging, can also be used to acquire 1 HMRS information. These techniques can provide information about metabolic changes based on signals from Nacetyl aspartate (NAA) and creatine + phosphocreatine (Cr-PCr) and choline (Cho)-containing compounds. NAA is exclusively located in neurons, whereas Cho occurs primarily as a membrane-bound constituent of neuroglial cells. 4 It is generally assumed that selective loss of pyramidal cells J Shen, L Zhang, X Tian et al. Short echo time 2D-1 HMRS in temporal lobe epilepsy in the hippocampus results in a decrease in NAA concentration, whereas reactive gliosis of astrocytes leads to an increase in Cho and Cr-PCr concentrations. 5 Since the anteroposterior extent of the hippocampus is approximately 3 -4 cm, it is possible that there are differences in the metabolites present in each part depending on the location of the region of interest. In addition, structural features of the hippocampus may lead to differences in metabolites among the different parts. Voxels in MRS studies usually exceed the thickness of the hippocampus and, since the hippocampus is thicker anteriorly than posteriorly, the voxel that lies along the anteroposterior direction is inevitably influenced as a result of tissue contamination. 6 Currently, studies on 1 HMRS either focus mainly on long echo time 1 HMRS or they use a stimulated echo acquisition mode (STEAM) method.
The purpose of our study was to evaluate the feasibility of using short echo time twodimensional (2D)-1 HMRS with the pointresolved spatial selection (PRESS) protocol to localize the seizure focus in patients with temporal lobe epilepsy (TLE) who had negative magnetic resonance imaging (MRI) findings and to compare these results with the standard method that used videoelectroencephalography (EEG).
Patients and methods

PATIENTS AND CONTROLS
Adolescent patients with clinical and EEG evidence of TLE without lesions demonstrated by MRI were enrolled in this study. A 128channel prolonged video-EEG was acquired for each patient before 2D-1 HMRS and was used as the comparison standard for localization of the epileptogenic zone. As a control, 2D-1 HMRS imaging data were also obtained from healthy subjects. Ethical permission for the study was obtained from the Ethics Committee of Renji Hospital Affiliated to Shanghai Jiao Tong University School of Medicine and all patients signed an informed consent form when they were enrolled.
MRI
An MRI scan of all patients was performed using an Intera Achieva 3.0 T MRI system (Philips Medical Systems, Best, The Netherlands), and the following image data sequences with 3.0 mm slice thickness were acquired with an orthogonal head coil: a transverse inversion recovery (IR) T 1weighted spin-echo image (shortest repetition time [TR], echo time [TE] 4.6 ms); a T 2 -weighted driven equilibrium (DRIVE; TR 3000 ms, TE 80 ms); an IR-turbo spin-echo (TSE) axial brain T 2 -fluid-attenuated inversion-recovery (FLAIR) sequence (TR 11 000 ms, TE 120 ms); and a sagittal T 2weighted TSE (shortest TR 1800 ms, TE 80 ms). Additionally, coronal T 1 -weighted 3D-turbo field-echo (TFE) data (field of view 240 × 240 × 54 mm, shortest TR 30 ms, TE 4.6 ms), coronal T 2 -weighted DRIVE (TR 3000 ms, TE 80 ms) and oblique coronal hippocampus FLAIR images (TR 11 000 ms, TE 120 ms) were acquired. Coronal images were perpendicular to the long axis of the hippocampus and had a section thickness of 1.5 mm. The MRIs were reviewed by a neuroradiologist without knowledge of the seizure lateralization findings from the previous EEG study. None of the patients had an abnormal hippocampal size or increased T 2 signal intensity related to hippocampal atrophy or hippocampal sclerosis.
2D-1 HMRS IMAGING
In all cases, 2D-1 HMRS imaging studies were performed without any knowledge of the side of the seizure focus. The spectra were acquired using the Intera Achieva 3.0 T MRI system described previously and with the same head coil as used for conventional MRI. For localization, we acquired an initial sagittal T 1 -weighted fast field-echo (FFE) image (TR 25 ms, shortest TE 3.9 ms, 3.0 mm section thickness and no gap) through the long axis of the hippocampus, a transverse T 2 -weighted TSE data set (TR 3000 ms, TE 80 ms) parallel to the long axis of the hippocampus with the centre section at the centre of the hippocampus, which is mainly responsible for localization ( Fig. 1 ), and a coronal T 1 -weighted 3D-TFE. We used a 2D-1 HMRS imaging sequence (TR 2000 ms, TE 31 ms) with PRESS parallel to the long axis of the hippocampus. The 2D-1 HMRS imaging parameters were: field of view, 50 mm × 30 mm × 20 mm; volume of interest, 40 mm × 20 mm × 10 mm; pixel size, 1 mm × 1 mm × 1 mm; bandwidth, 2000 Hz; mean number of signals, 8; single-spectrum acquisition time 15 min 12 s.
DATA PROCESSING
The 2D-1 HMRS data were analysed using the Spectroview software provided with the Intera Achieva 3.0 T MRI system. Metabolite ratios or concentrations in bilateral hippocampuses were generated automatically by the software to screen for a better signal-to-noise ratio and more stable 2D-1 HMRS imaging for detailed statistical analysis. On the basis of previous studies, the following parameters were used: NAA was assigned at 2.02 ppm, Cho at 3.22 ppm, Cr-PCr at 3.03 ppm, glutamate (Glu) and Glu + glutamine (Gln) (Glx) in total at 3.72 ppm, and myo-inositol (mI) at 3.56 ppm. In this study, values of NAA/(Cho + Cr-PCr), Glx/Cr-PCr and mI/Cr-PCr were calculated from the areas under the chemical compound spectra curves.
STATISTICAL ANALYSIS
Data were expressed as mean ± SD. For statistical analysis, SPSS ® software, version 11.5 (SPSS Inc., Chicago, IL, USA) was used. Brain metabolite ratios of bilateral hippocampuses in the normal control subjects were compared using Student's ttest. Analysis of variance was used to FIGURE 1: Localization of (A) the right side and (B) in a different patient, the left side of the hippocampus for two-dimensional 1 H magnetic resonance spectroscopy (2D-1 HMRS). The whole hippocampus is shown, forming an S shape, with the head, body and tail of both hippocampuses clearly distinguishable A B Short echo time 2D-1 HMRS in temporal lobe epilepsy compare differences among the head, body and tail of the hippocampus, and differences among the epileptogenic side and the opposite side in epileptic subjects and control normal subjects. A value of P < 0.05 was taken to indicate statistical significance. When the value of a particular parameter exceeded the lower limit (mean minus 1SD) compared with the healthy controls, it was considered abnormal and indicative of the epileptogenic side. 
Results
PATIENTS AND CONTROLS
HIPPOCAMPAL 2D-1 HMRS IN CONTROLS
Brain metabolite ratios in bilateral hippocampuses of the 10 normal control subjects are summarized in Table 1 . As there were no significant differences in the ratios NAA/(Cho + Cr-PCr), Glx/Cr-PCr and mI/Cr-PCr between the different parts of the hippocampus (Table 1) or between the left and right heads of bilateral hippocampuses, we used the mean values of NAA/(Cho + Cr-PCr), Glx/Cr-PCr and mI/Cr-PCr in the heads of the bilateral hippocampuses as the standard for normal people.
HIPPOCAMPAL 2D-1 HMRS IN TLE PATIENTS
2D-1 HMRS was completed in all 38 patients with TLE, from whom 32 patients with a The 2D-1 HMRS measurements showed that all 32 patients with temporal lobe epilepsy (TLE) had abnormal metabolite ratios compared with healthy controls (lower than the mean minus 1SD). Twenty-five epileptogenic foci were coincident with the Table 2 .
Discussion
Previous studies have found differences among the different parts of the hippocampus. 6 Mouritzen Dam 7 studied the number of neuronal cells in the hippocampus of healthy control subjects and found an increase in the number of pyramidal cells but a decrease in the number of granule cells from anterior to posterior. However, Babb et al. 8 found no significant differences in the numbers of neuronal cells from anterior to posterior in a similar study. In TLE patients the decline in the proportion of neuronal cells in the hippocampus is greater anteriorly than posteriorly. 7, 9, 10 Studies using 1 HMRS 11 -14 have found a lower peak of NAA but increased Cr-PCr and Cho in TLE patients compared with normal subjects. Mitochondria generate NAA, and it is synthesized only in nerve tissues and widely accepted as a neuronal marker. The decreased NAA peak implies neuronal dysfunction or neuronal cell loss. Used as a sign of metabolic equilibrium, Cho is located mainly in the cell membrane, especially in myelin. Both Cr-PCr and Cho are synthesized in glial cells, and high concentrations indicate the proliferation of glial cells. Previous studies 13,15 -17 have suggested that NAA/(Cho + Cr-PCr) might be a better index of neuronal cell loss, neuronal dysfunction or the presence of activated gliocytes in the epileptogenic focus. The most common neurotransmitter in the brain is Glu, especially in the mammalian central nervous system. It is thought 18 to be the trigger factor of brain damage in epilepsy, and can be transformed to γ-aminobutyric acid (GABA) and Gln. Petroff et al. 19 measured Glu and Gln both in vivo and in surgical specimens of patients with TLE by 1 HMRS and found that the Gln concentration was significantly higher than normal. Since mI has a carbohydrate structure, membrane-bound mI plays an important role in intracellular signalling pathways, whereas cytosolic mI contributes to osmoregulation of the cell. Reduced 20 Brain metabolite ratios (mean ± SD) in the heads of hippocampuses ipsilateral and contralateral to the epileptic attack in patients with temporal lobe epilepsy compared with normal (healthy control) subjects, determined by two-dimensional 1 H magnetic resonance spectroscopy Short echo time 2D-1 HMRS in temporal lobe epilepsy elevated 21 concentrations of mI have been found in the seizure onset zone in mesial TLE. Vermathen et al. 6 compared the NAA/(Cho + Cr-PCr) ratio between the anterior and posterior parts of the hippocampus, and found that the ratio was higher posteriorly than anteriorly in both healthy controls and TLE patients. A greater reduction in ipsilateral NAA/(Cho + Cr-PCr) in voxels from the anterior than the posterior hippocampal region is consistent with pathological results showing that the loss of neuronal cells was greatest in the anterior hippocampus. 7, 9, 10 Thus, the NAA/(Cho + Cr-PCr) ratio can be used to localize the epileptogenic focus.
In the present study, the NAA/(Cho + Cr-PCr) ratio did not differ significantly between the anterior (0.85 ± 0.09) and posterior (1.16 ± 0.4) hippocampus in healthy controls. Among the 38 TLE patients included in the study, there were 32 in whom the NAA/(Cho + Cr-PCr) ratio in the anterior hippocampus was notably lower than in healthy controls (lower than the mean minus 1SD), but the relative reduction between anterior and posterior sections was not statistically significant, which is not consistent with previous studies 6, 7, 9, 10 This may be a result of the location of voxels in the present study, in which we selected the mean of three points in the anterior hippocampus for metabolite analysis, ignoring any possible difference between exterior and interior regions. 1 HMRS has proved to be a powerful addition to the range of clinical assessment tools available for localization of the epileptogenic focus. A 1 HMRS spectrum can be obtained either from a single well-defined spatial volume (single-voxel spectroscopy) or by chemical shift imaging. Alternatively, multiple adjoining spatial regions can be acquired by using multiple spectra, i.e. 2D-1 HMRS and 3D-1 HMRS. Use of 2D-1 HMRS can encompass the whole hippocampus area, the short echo protocol may be more sensitive to substances with a short T 2 , and the PRESS protocol may reduce signal loss compared with STEAM and give a better signal-to-noise ratio.
The present study showed that all 32 of the TLE patients on which data analysis was performed had a significantly lower NAA/(Cho + Cr-PCr) ratio for both sides of the hippocampus than normal controls (P = 0.00), especially on the epileptogenic side (P = 0.00), which is consistent with the results of other studies involving patients with TLE 2, 4, 5, 11, 12, 14, 15, 22 When a patient is having an epileptic attack, paradoxical discharge from the epileptogenic side can reach the contralateral side via the amygdala and hippocampus, and induce changes in metabolites or neurotransmitters on that side. In the present study nine patients had abnormal metabolism on both sides of the hippocampus. The NAA/(Cho + Cr-PCr) ratio on the side of the hippocampus contralateral to the epileptogenic side in TLE patients was significantly lower than in the normal group, but significantly higher than on the epileptogenic side. In patients, the Glx/Cr-PCr and mI/Cr-PCr ratios were lower on the contralateral side of the hippocampus compared with normal controls and were lower for Glx/Cr-PCr, though higher for mI/Cr-PCr compared with the epileptogenic side. These differences only reached statistical significance for Glx/Cr-PCr and not for mI/Cr-PCr.
Some caution should be exercised with regard to localization using the 2D-1 HMRS scan. First, 2D-1 HMRS is sensitive to motion. As the scan time is relatively long, the tolerance of TLE patients may be decreased. It may be appropriate to increase the number of signals averaged in order to avoid the effects of slight movements and ensure a stable baseline and pulse quality. Secondly, before 2D-1 HMRS scanning, we determined the margins of the hippocampus and then used three target planes (sagittal, coronal and transverse) to determine voxel localization. It is necessary to ensure that the sagittal, coronal and transverse planes are exactly perpendicular to each other. This procedure ensures that non-hippocampal tissue is eliminated from the scanning field. Thirdly, full use should be made of the window setting facility. Since the volume of the hippocampus is small, the image needs to be enlarged, and the window width and level need to be set so as to obtain good representation of grey matter. Fourthly, influences from cerebrospinal fluid in the lateral cerebral ventricle and the interface of the sphenoid sinus need to be avoided. Generally we selected the maximum transverse section of the hippocampus, along the coronal and sagittal planes, making sure that the whole hippocampus was included in the selected voxels.
The present study had some limitations. First, the 2D-1 HMRS scanning time was long and this may not be tolerated very well by many patients. Indeed, some TLE patients who have typical clinical data but relatively poor tolerance cannot undergo 2D-1 HMRS examination. Secondly, the number of patients in this study was small: only 32 were included in the statistical analysis. In future studies we plan to enrol more patients in order to obtain more reliable results.
In conclusion, the metabolic characteristics detected by short echo time 2D-1 HMRS with the PRESS protocol in the hippocampus of epileptic patients with TLE were a decrease in the NAA/(Cho + Cr-PCr) ratio and an decrease in the Glx/Cr-PCr ratio. 1 HMRS is an effective non-invasive method for determining localization of the epileptogenic focus. Short echo time 2D-1 HMRS with the PRESS protocol can be used to measure substances with short T 2 relaxation times in a single scan. Chemical shift imaging spectroscopy of the hippocampal structures has a good repeatability of the epileptogenic focus.
